Nonnucleoside reverse transcriptase (RT) inhibitors (NNRTIs) are important components of multidrug therapy for HIV-1. Understanding the effect of NNRTI-resistant mutants on virus replication and reverse transcriptase (RT) function is valuable for the development of extended-spectrum NNRTIs. We measured the fitness of six NNRTI-resistant mutants, the K103N, V106A, Y181C, G190A, G190S, and P236L viruses, using a flow cytometry-based cell culture assay. K103N and Y181C viruses had fitness similar to that of the wild type while V106A, G190A, G190S, and P236L viruses had reduced fitness. We also determined the biochemical correlates of fitness by measuring the RNase H and polymerization activities of recombinant mutant RTs and virion-associated RTs. The RNase H activities of recombinant and virion-associated RTs correlated with the relative fitness for each mutant. K103N and Y181C mutants had normal RNase H activity; V106A, G190A, and G190S mutants had moderate reductions in activity; and the P236L mutant had substantially reduced activity. With the exception of the P236L mutant, reduced fitness correlates with low virion-associated polymerization efficiency and reduced RT content. Reduced polymerase function in virions derived from low RT content rather than an intrinsic polymerization defect in each RT protein. In conclusion, severe defects in RNase H activity alone, exemplified by the P236L mutant, appear sufficient to cause a substantial reduction in fitness. For the other NNRTI mutants, reductions in RT content decreased both polymerization and RNase H activity in virions. RNase H reduction was compounded by intrinsic RNase H defects in the mutant RTs.
HIV-1 reverse transcriptase (RT) is a multifunctional enzyme that converts the single-stranded RNA viral genome into double-stranded DNA. It has RNA-and DNA-dependent DNA polymerase activities, which copy RNA or DNA templates, respectively, into double-stranded DNA, as well as RNase H activity that cleaves genomic RNA still hybridized to DNA (40) . Although both activities are essential for HIV-1 replication, some studies have shown that polymerization and RNase H activities are not rigorously coupled (11, 12, 27, 36) . RT is a heterodimer comprised of two subunits, a 66-kDa (p66) subunit and a 51-kDa (p51) subunit (20) . The p66 subunit has both the polymerase and RNase H domains, which make contact simultaneously with the RNA genome (12) . The p51 subunit is an N-terminal cleavage product of p66 which lacks the RNase H domain and serves as a structural scaffold for the p66 subunit (2) .
Because of its essential role in the virus life cycle, RT is an important antiretroviral target for the treatment of HIV-1. Nonnucleoside RT inhibitors (NNRTIs) are one of three classes of antiretroviral RT inhibitors that are commonly used in treatment. They are a group of structurally diverse small hydrophobic compounds, which can specifically bind and inhibit RT (reviewed in reference 34). One limitation of NNRTIs is that they face a low genetic barrier to resistance. Previous studies of viral replication fitness have shown that NNRTI resistance mutations impact replication fitness and that the relative fitness of the viruses with these mutations is associated with their prevalence in vivo, independent of the level of resistance that they confer (4, 19, 38) . Mutants such as the G190S, V106A, and P236L viruses, which have lower prevalence in clinical isolates, are less fit than are mutants such as the K103N and Y181C viruses, which are similar in fitness to drug-sensitive isolates. The relative fitness of these mutants in cell culture correlates with the relative RNase H activities of the purified mutant RTs, which display RNase H deficiencies but no defects in DNA polymerization with DNA or RNA primers (reviewed in reference 14). Therefore, decreased RNase H activity is one apparent mechanism of reduced replication fitness of viruses with NNRTI resistance mutations.
One study has shown that amino acid substitutions at G190 of HIV-1 RT severely decreased virion-associated mature RT protein content and RT activity, which correlated with impaired viral replication capacity (25) . We hypothesize that in addition to reduced RNase H activity, reduced RT content of NNRTI-resistant mutants in virions, which incidentally reduces RNase H, could contribute to reduced replication fitness in cell culture. We therefore determined the effects of the K103N, Y181C, P236L, G190S, G190A, and V106A NNRTI resistance mutants on the polymerization and RNase H activities of both purified recombinant protein and virion-associated RT activity and content.
cultures (Novagen/EMD, Darmstadt, Germany). The presence of each RT subunit was determined by protein SDS-PAGE analysis using 5 l of culture pellets.
Protein purification. Wild-type and mutant p66 and p51 heterodimeric recombinant RTs were purified from induced bacterial cultures by using chromatography. Since the p51 subunit contained the 6ϫHis tag, p66 and p51 cultures were mixed prior to chromatography to ensure that p66/p51 heterodimers were purified. The following columns were used with the AKTAprime Plus system (Amersham/GE, Piscataway, NJ) to purify p66/p51 heterodimer: Q-Sepharose (Amersham/GE, Piscataway, NJ) and Talon Ni metal affinity resin (BD Biosciences, Palo Alto, CA). All eluted fractions from the Q-Sepharose column were run over the Talon column. The eluted fractions from the Talon column that had the highest total amount of protein were used for separation of p51 monomer from p66/p51 heterodimer, which was performed using a Sesource S column as previously described (24) . The eluted fractions with equal relative amounts of p51 and p66 were determined using SDS-PAGE and chosen to measure DNA polymerization and RNase H activities.
Pre-steady-state kinetic measurements with purified recombinant RTs. Presteady-state and steady-state kinetic measurements of polymerization were performed as previously described (38) . Briefly, single nucleotide incorporation was measured using a 5Ј-radiolabeled DNA primer annealed to a 40-mer DNA template. Steady-state assays of single nucleotide incorporation were performed on a DNA-DNA primer template over a range of nucleotide concentrations. Pre-steady-state burst reactions were performed in a KinTek rapid quench-flow machine using the same primer template. Relative amounts of mutant and wild-type RTs were normalized based on active RT concentration.
DNA polymerization and RNase H assays of recombinant RTs. Specific DNA polymerization activity of each RT preparation was measured by using a poly(rA)/oligo(dT) template/primer and an [␣-32 P]dTTP substrate (4) . A unit was defined as the amount of enzyme required to incorporate 1 nmol of dTTP into nucleic acid product in 10 min at 37°C. Equivalent numbers of units of specific polymerization activity were added to both the polymerization rate and RNase H assay mixtures. DNA 3Ј-end-directed and RNA 5Ј-end-directed RNase H activities were measured as previously described (38) .
To determine the rate of RNA-dependent DNA polymerization activity of each RT, the polymerization activities were tested using a 5Ј-radiolabeled primer binding site (PBS) oligomer DNA primer annealed to the RNA template D199, ϩ1 to ϩ199 of the pNL4-3 genomic RNA, which included the PBS. The primer/ template (15 nM/25 nM) was prebound with purified RT normalized by relative specific activities of polymerization in reaction buffer containing 25 mM TrisHCl, pH 8.0, 25 mM NaCl, and 0.5 mM EDTA and dithiothreitol (DTT) at 37°C for 2 min. The reactions were initiated by adding 6 mM MgCl 2 and 500 M deoxynucleoside triphosphates (dNTPs) and quenched at various times with an equal volume of 2ϫ DNA loading buffer (Ambion). Extension products were analyzed by SDS-PAGE and quantified by phosphorimaging.
Purified tRNA 3 Lys from human placenta (Bio S&T, Canada) was 5Ј end labeled by [␥- 32 P]ATP as previously described (43) and was annealed to D199 at a primer/template (P/T) ratio of 1:2. After binding with purified RT, the reactions were initiated by adding 6 mM MgCl 2 and 500 M dNTPs in a reaction buffer containing 25 mM Tris-HCl, pH 8.0, 25 mM NaCl, and 0.5 mM EDTA and DTT. The reactions were quenched at various times with an equal volume of 2ϫ DNA loading buffer (Ambion). Extension products were analyzed by SDS-PAGE.
Virion-associated RT polymerization and RNase activity. Supernatant solutions from 293 cells transfected with wild type or NNRTI-resistant mutants were pelleted by centrifugation at 19,500 rpm for 1 h at 4°C. Virus pellets containing 100 ng of p24 capsid protein were resuspended in 10 l PBS and were lysed by adding 10 l 0.3% Igepal CA-630 (Sigma-Aldrich, Castle Hill, NSW, Australia) (39) . The specific activities of DNA polymerization and the 5Ј-end-directed RNase H of RT in the viral lysates were measured as previously described (4, 38, 39) .
Quantification of RT content in virions using Western blotting. Supernatant solutions from 293 cells transfected with wild type or NNRTI-resistant mutants were pelleted by centrifugation at 19,500 rpm for 1 h at 4°C. Virus pellets containing 200 ng of p24 antigen for mutants and different amounts (5 to 100 ng) for wild type were resuspended with 15 l NuPAGE 2ϫ sample buffer (Invitrogen) and fractionated by electrophoresis accordingly to the NuPAGE manufacturer's instructions. The proteins were separated using a 4 to 12% Bis-Tris gel with 1ϫ MOPS (morpholinepropanesulfonic acid) running buffer (Invitrogen), transferred to nitrocellulose membranes, blocked with 5% milk in Tris-buffered saline (TBS) with 0.05% Tween 20 (TBST) overnight, and bound with primary antibody (anti-RT [8C4]), anti-IN, or anti-p24) and secondary antibody conjugated to horseradish peroxidase (HRP; Bio-Rad). Viral proteins were visualized using SuperSignal West Femto chemiluminescence substrate (Thermo Scientific) and quantified with one-dimensional (1D) image analysis software (Kodak Dig-ital Science). Purified RT preparations, described below, were used to verify that RT was recognized by the RT monoclonal antibody 8C4. gag processing was also visualized by Western blotting using the method described above, except that an antibody specific to p24 was used and the amount of virus loaded on the gel was increased to 800 ng in order to see the processing intermediates.
RESULTS

V106A, G190S, and P236L viruses have reduced fitness.
Using a flow cytometry-based growth competition assay developed by our research group (17), we measured the relative replication fitness of the NNRTI-resistant K103N, V106A, Y181C, G190A, G190S, and P236L mutant viruses. The 1 ϩ s fitness values of K103N (0.82 Ϯ 0.22) and Y181C (0.88 Ϯ 0.05) viruses were not significantly different from those of the wild type. However, the 1 ϩ s fitness values of G190A (0.69 Ϯ 0.03), V106A (0.54 Ϯ 0.05), P236L (0.43 Ϯ 0.05), and G190S (0.41 Ϯ 0.11) viruses were all reduced (Fig. 1) . The rank order of fitness of these mutant viruses was as follows: wild type (WT) Ն Y181C Ն K103N Ͼ G190A Ͼ V106A Ͼ P236L Ն G190S. This order was confirmed by direct competition of the mutants against each other in the NL4-3 construct by using a sequencing-based method.
Preparation of purified recombinant RT using His-tagged p51. Previous work characterizing the biochemical effects of NNRTI resistance mutations on RT function has revealed defects in DNA polymerization by using tRNA 3 Lys as a primer and deficiencies in the different modes of RNase H function (4, 19, 38) . In those studies, the p66 and p51 subunits were both His tagged and purified separately with a Ni affinity column. The individual subunits were mixed and incubated on ice to allow for p66/p51 heterodimer formation. However, this method was inefficient in the amount of heterodimer that was obtained and did not prevent the formation of p66/p66 homodimer. Another method of purification, which was chosen for the current analyses, tagged only the p51 subunit (24) . Individual bacterial cultures expressing either p66 or tagged p51 subunits were mixed before column purification. Only RT molecules containing p51 were purified by column chromatography: either single p51 subunits, p51/p51 homodimers, or p66/ p51 heterodimers. Fractions of purified protein with equal molar amounts of p66 and p51 were chosen for study.
NNRTI-resistant heterodimer RTs do not affect pre-steadystate rates of polymerization. We wanted to confirm that the pre-steady-state polymerization rates of wild-type and mutant RTs purified by the p51-His tag method were similar to the previously reported values (13, 38) . Therefore, we performed pre-steady-state kinetic analysis using a DNA-DNA primer/ template on a select set of RTs: wild type and G190S and P236L mutants. The percent active sites were 80% for wild type and 65% for G190S and P236L mutants. This is higher than the percent active sites obtained using the p66-and p51-His tag method, which averaged 10 to 18%. The rate of presteady-state polymerization, k pol (rate of nucleotide incorporation per second), was also similar to previous results: 31.35 Ϯ 3.43 for wild type, 45.43 Ϯ 8.89 for the G190S mutant, and 36.38 Ϯ 11.81 for the P236L mutant.
NNRTI-resistant heterodimer RTs are not altered in polymerization from a tRNA 3
Lys primer bound to the primer binding site (PBS). We also wanted to confirm earlier results showing the impact of NNRTI-resistant mutations on steady-state DNA polymerization from the PBS using either a DNA or a tRNA 3 Lys primer (38) . We measured the synthesis of DNA from a DNA primer bound to the template D199, which contains ϩ1 to ϩ199 of the HIV-1 genomic sequence containing the PBS, U5, and R regions. The amount of each mutant enzyme added was normalized, based on specific activity of polymerization. All 6 mutants, the K103N, V106A, Y181C, G190S, G190S, and P236L enzymes, had levels of synthesis similar to that of the wild type ( Fig. 2A) , confirming previous results. We next measured the synthesis of DNA from a tRNA 3 Lys primer annealed to the same template, D199. Contrasting with previously pub-
Relative replication fitness of NNRTI-resistant mutants. Each mutant virus was competed against the wild type in PM1 cells. A fitness value of 1.0 indicates fitness equal to that of the wild type. Each bar represents the mean 1 ϩ s value and the standard deviation from 6 to 11 independent infections. Mutants that had a mean 1 ϩ s value that was statistically different from that of the K103N mutant are indicated with asterisks ( ** , P Ͻ 0.005; *** , P Ͻ 0.0001).
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on October 24, 2017 by guest http://jvi.asm.org/ lished observations in which the G190A and G190S mutant RTs exhibited relatively slower synthesis from a tRNA primer, synthesis of DNA from the tRNA primer was the same for all 6 mutants compared to that for the wild type, including the G190A and G190S mutants (Fig. 2B) . RNase H activity of NNRTI-resistant recombinant RTs correlates with fitness. Previously published studies have shown that NNRTI-resistant mutants with reduced replication in cell culture have reduced 5Ј-end-directed and 3Ј-end-directed RNase H activity (4, 19, 38) . Briefly, the RT bound in an orientation for DNA synthesis makes rapid primary cuts about 18 nucleotides (nt) in from the DNA 3Ј end and slower secondary cuts about 9 nt in. The RT also binds RNA segments annealed to DNA and makes rapid primary cuts about 18 nt in from the RNA 5Ј end and slower cuts about 9 nt in. The secondary cuts are not obligatorily sequential to the primary cuts on a particular substrate; the secondary cut rate is just lower (41) . The 3Ј-end-directed cuts generate the RNA segments for the 5Ј-end-directed cut. The two cutting modes are thought to effectively clear away genomic RNA in preparation for synthesis of the second DNA strand.
We measured the 3Ј-end-directed RNase H activity of each NNRTI mutant recombinant RT compared to that of the wild type (Fig. 3A , B, and C). We found that the RNase H activities of the K103N and Y181C mutants were similar to those of the wild type. The activities of the G190A, G190S, and V106A mutants were decreased relative to that of the wild type, and the activity of the P236L mutant was substantially lower than those of any of the other RTs tested. Less than 10% of the starting substrate was converted to secondary cleavage product after 16 min for P236L RT compared to 85% for wild-type RT. The RNase H defect of P236L RT was confirmed with a second protein preparation (data not shown). A similar result was seen for 5Ј-end-directed RNase H activity (Fig. 4A, B, and C) . Notably, whereas the P236L RT is profoundly defective in 3Ј-end-directed primary and secondary cleavages and in 5Ј-end-directed secondary cleavage, it exhibits only a moderate defect in 5Ј-end-directed primary cleavage. The relative RNase H activity hierarchy for purified protein matched the relative fitness hierarchy for the viruses:
RT protein content of virions correlates with virion-associated polymerization. Previous studies have shown that the level of RT in the virion correlates with replication fitness (15, 25, 27) . Clearly, the concentration of RT could also influence fitness. In order to determine whether the RNase H activity defect of NNRTI-resistant mutants is primarily responsible for the fitness defect in cell culture, we measured the virion-associated specific polymerase activity and RT content in virions. Unlike the polymerization activity of purified, recombinant RTs, the relative polymerization activity in virion lysates was reduced for viruses with RTs bearing the V106A and G190S mutations compared to that of the wild type (P Ͻ 0.01) (Fig. 5) . Even though V106A, P236L, and G190S mutants had significantly reduced fitness compared to that of the K103N mutant, the G190S mutant was the only one that had significantly reduced polymerization activity (P Ͻ 0.01). The relative polymerization activity of the P236L mutant was similar to those of the wild type and the K103N mutant. Since the relative virion polymerization activity of the P236L mutant was much higher than expected from the poor fitness of the P236L virus, based on the good correlation of polymerization activities and fitness for the other NNRTI-resistant viruses, we hypothesized that the RT content of the P236L virus is higher than that of the other mutant viruses.
The protein contents of wild-type, K103N, Y181C, P236L, G190A/S, and V106A virus particles were assessed by Western blotting using the virus supernatant solutions prepared from transfected 293 cells. Different amounts based on p24 antigen of wild-type virus were used to create a linear standard curve (R 2 ϭ 0.98). Mutant viral stocks were normalized by p24 antigen and were analyzed using antibodies specific to RT, integrase, or capsid protein (p24) (Fig. 6A) . All mutants had reduced RT contents (Fig. 6B) , and content correlated with relative fitness (compare Fig. 1 with Fig. 6B) , except for the P236L virus, which had more RT than did other mutants with similar fitness such as V106A and G190S viruses.
Since both integrase and RT are cleaved from the Pr160
Gag-Pol polyprotein, we measured the virion-associated integrase content. There were no significant differences in the amount of integrase for any of the mutants tested (Fig. 6A) , indicating that the amount of Pr160 Gag-Pol polyprotein incorporated into the virions was the same. We also looked at the amount of GagPr55 processing using an antibody specific to capsid, p24 (Fig. 6C) . The ratios of GagPr55 to GagPr41 to p24 for K103N and Y181C mutants were similar to that of the wild type, suggesting that Gag cleavage was normal. The ratio of GagPr55 to p24 was more than four times higher for G190S, P236L, and V106A mutants than for the wild type, and the ratio of GagPr41 to p24 was 10 to 20 times higher for G190A, G190S, P236L, and V106A mutants, suggesting that these mutations affect the Gag processing after viral particle release. These data suggest that reduced levels of polyprotein processing result in reduced levels of p66 and p51 subunits of RT for mutants with reduced RT contents.
Virion-associated RNase H activity of NNRTI resistance mutations correlates with fitness. We also measured the 5Ј-end-directed RNase H activities of wild-type and mutant viral lysates ( Fig. 7A and B) . K103N and Y181C mutants had levels of 5Ј-end-directed RNase H activity similar to that of the wild type. The RNase H activities of G190A, V106A, P236L, and G190S mutants were all reduced relative to the wild type with the G190S mutant having the lowest level of activity. The 5Ј-end-directed RNase H activity hierarchy was WT Ն Y181C Ն K103N Ͼ G190A Ͼ V106A Ͼ P236L Ͼ G190S, which is very similar to the replication fitness hierarchy (Fig.  1 ). These observations show that virion-associated RNase H activity of NNRTI-resistant mutants correlates better with fitness than do polymerization activity and RT content.
DISCUSSION
We measured the relative fitness of NNRTI-resistant viruses compared to the wild type using a flow cytometry-based cell culture assay (17) and then looked for biochemical correlates of reduced fitness for the V106A, G190A, G190S, and P236L mutant RT strains. Previous studies from our research group using a sequenced-based fitness assay are consistent with the fitness hierarchy of the panel of 6 mutants that we tested in this FIG. 2 . RNA-dependent DNA polymerization activity of purified wild-type and mutant RTs. (A) Representative polyacrylamide gel of the RNAdependent DNA polymerization activity of wild-type and mutant RTs using a DNA primer. The substrate used was made by annealing a 5Ј-end-labeled PBS DNA primer (26 nt) to RNA template D199 (RNA containing ϩ1 to ϩ199 of the NL4-3 HIV-1 genomic sequence). Reactions were allowed to proceed for the indicated lengths of time: lanes 1, 0 s; lanes 2, 15 s; lanes 3, 1 min; lanes 4, 4 min. Nucleotide markers are indicated on the right. (B) Representative polyacrylamide gel of the RNA-dependent DNA polymerization activity of wild-type and mutant RTs using tRNA 3 Lys as primer. The substrate used was made by annealing a 5Ј-end-labeled human tRNA 3 Lys primer to D199. Reactions were allowed to proceed for the indicated lengths of time: lanes 1, 0 s; lanes 2, 1 min; lanes 3, 4 min; lanes 4, 16 min. Reactions for both experiments were started with 500 M dNTP and 6 mM MgCl 2 . Equal amounts of specific activity units of RT as measured by poly(rA)/oligo(dT) template/primer synthesis were used per reaction.
on October 24, 2017 by guest http://jvi.asm.org/ Downloaded from study: WT Ն Y181C Ն K103N Ͼ G190A Ͼ V106A Ͼ P236L Ն G190S (4, 19, 38) .
Previous biochemical studies of recombinant RTs revealed that RNase H activity correlates with fitness and that tested NNRTI-resistant RTs have normal polymerization activity (4, 13, 14, 19, 38) . However, these studies were performed with recombinant RTs in which the p66 and p51 subunits were both His tagged and mixed after separate column chromatography purification. This method produced less active protein and had a smaller amount of p66/p51 heterodimers than that for the method that we used to purify the RT for the current studies. Here, recombinant heterodimer RT purified by mixing the His-tagged p51 and untagged p66 bacterial lysates before column chromatography resulted in four to eight times more active enzyme at the same protein concentration. Since fractions with equal molar amounts of p66 and p51 were chosen for study, the amount of p66/p51 heterodimer versus p51 homodimer is almost certainly larger as well.
In this study we show that the pre-steady-state and steadystate polymerization activities of recombinant NNRTI-resistant mutant RTs are similar to what we previously published, except that there was no difference in tRNA 3 Lys primer extension. Previous studies showed that G190A and G190S mutants had reduced rates of polymerization from a tRNA primer despite having normal rates of polymerization for a DNA PBS primer (38) . In this study the rate of polymerization from the tRNA primer was similar to that of the wild type for all mutant RTs tested. These discordant results are likely explained by the purification method, since the older preparation had a much lower proportion of active p66/p51 heterodimer. Catalytically inactive RT or alternative RT structural forms may have produced the observed result. Specifically, the packaging and annealing of tRNA into virions involve a complex set of interactions between the tRNA, lysyl-tRNA synthetase, and Gag and Gag/Pol polyproteins (7, 32) . It is known that tRNA 3 Lys can stimulate polymerization by p66 homodimers, induce conformational changes, and increase proteolytic cleavage of the RNase H domain (3) . In addition the initiation from a tRNA primer involves complex enzyme and substrate interactions that change as nucleotides are added (28) (29) (30) . Therefore, heterodimers and homodimers of RT may have different kinetic properties that are mutant specific when a tRNA primer is used. Although previously published methods for purifying RT, which did not control for the formation of p66 and p51 homodimers, may have been adequate for measuring most kinetic parameters, they were apparently not adequate specifically for tRNA initiation.
Consistent with our previous work, the RNase H activities of V106A, G190A, G190S, and P236L recombinant RTs were reduced relative to those of wild-type, K103N, and Y181C RTs. The relative level of RNase H activities of recombinant proteins correlated with fitness of the corresponding virus. The P236L mutant RT was consistently more defective in RNase H than indicated in previous studies as confirmed with independent protein preparations. The effect of the P236L mutation on RNase H activity is consistent with known structural information on RT. P236 is located at the base of the thumb in the p51 subunit, which supports the RNase H domain of p66 and could therefore influence domain activity (26, 33) .
During reverse transcription the minus-strand strong-stop DNA (ϪSSDNA) that is synthesized from the tRNA primer strand transfers to the 3Ј end of the RNA genome to complete minus-strand synthesis (5, 21) . Studies of tRNA initiation and minus-strand transfer in vitro have shown that the ϪSSDNA can fold back to create a self-primed primer/template (P/T) (22) . When the template that we used for the tRNA initiation studies, D199, is copied, it produces ϪSSDNA, which selfprimes. The extension of this self-primed P/T is dependent on the removal of the original RNA template, D199, by RT RNase H activity (Fig. 2B) . Consistent with previous studies, P236L, which has greatly reduced RNase H activity, did not form the extended self-primed product because it cannot degrade the RNA template.
To confirm that defects in RNase H activity of recombinant RTs are responsible for the reduced fitness of NNRTI-resistant mutant viruses, we measured the virion-associated polymerization and RNase H activities. Virion-associated polymerization activity also correlated with fitness, with the exception of the virus with P236L RT. This mutant had polymerization activity that was similar to that of the K103N mutant, a fit mutant, with a polymerization level that was 70% of the wildtype level. Since the polymerization activity of recombinant protein was normal for each mutant, we hypothesized that the absolute amount of RT in the mutant variants must be reduced in order for the virion-associated RT activity to correlate with fitness. When we quantified the RT content in the virions, this was indeed the case. However, the P236L mutant had 30% of the amount of RT in the virion whereas the G190S and V106A mutants had 6% and 11%, respectively. This explains why the polymerization activity of the P236L mutant was higher than expected based on its relative fitness.
In contrast, the virion-associated RNase H activity uniformly correlated with recombinant protein activity and with fitness. K103N and Y181C RT viruses, which replicated at a rate similar to that of the wild type in cell culture, had virionassociated RNase H activity equivalent to that of the wild type. The remaining mutant viruses had reduced RNase H activity, although the RNase H activity of the P236L mutant was slightly higher than that of the G190S mutant. This is most likely explained by the increased amount of RT in P236L viruses. However, the RNase H activities of the unfit NNRTI mutant viruses were Յ50% of that of the wild type, indicating that RNase H is greatly impaired and that this is a likely explanation for reduced fitness. HIV-1 p66/p51 heterodimer RT formation in virions requires the activity of protease such that mature RT is formed by the proteolytic cleavage of the Gag-Pol polyprotein (Pr160 Gag-Pol ) during virion maturation (reviewed in reference 23). The order and timing of Gag-Pol precursor processing are well established, with cleavage shown to occur in a sequential manner. Studies of the fitness, RT content, and Gag-Pol processing of G190 mutant viruses showed that reduced RT content apparently resulted from reduced Gag and Gag-Pol processing due to reduced Gag-Pol incorporation into virions (25) . Our data clearly show that diminished RT content does not completely correlate with Gag processing of NNRTI-resistant mutants. P236L virus had RT levels similar to those of Y181C and K103N viruses despite having defective Gag processing. In addition the mutants in our study had normal amounts of integrase, indicating normal Gag-Pol incorporation into virions. Studies of NNRTI mutations showed that some mutants such as the K103N, Y181C, and G190A mutants increased heterodimer stability (18) . This suggests that the P236L mutation promotes RT stability, resulting in an overall increase in RT content despite reduced proteolytic cleavage. However, it is not clear whether increased stability of heterodimers results in proteolytic stability of RT, since mutations in the protease cleavage site which prevent cleavage of p66 into p51 result in reduced amounts of RT in the virion (1). Our results suggest that NNRTI resistance mutants do not affect Gag-Pol incorporation and that all NNRTI resistance mutants affect proteolytic stability to different extents, resulting in different amounts of RT in the virion.
What have we learned here about the mechanisms that reduce fitness of NNRTI-resistant viruses? The effects of the P236L mutation and those of reduced RT content have an obvious commonality. The P236L mutation severely impairs 3Ј-end-dependent RNase H primary and secondary cleavages. With the P236L mutation in RT, as minus-strand DNA is made, almost none of the template cleavages that that would normally accompany synthesis can actually occur. Since cleavages during synthesis produce the RNA oligomer substrates for later 5Ј-end-directed cleavage, the defects in polymerization-associated cleavage alone would be sufficient to greatly reduce RNA template degradation. Additionally, although P236L RT exhibits significant 5Ј-end-directed primary cleavage 32 P]dTTP substrate. Three replicate polymerization reactions were performed with a single virus stock. The y axis shows the relative ratio of RT polymerization activity for each mutant compared to that of the wild type as a percentage. The wild-type value was set at 100%. The mutant that had a mean difference in the relative ratio compared with that of the K103N mutant is indicated with an asterisk ( * , P Ͻ 0.01).
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RNase H AND RT CONTENT OF NNRTI-RESISTANT MUTANTS 9385 activity, it is defective for 5Ј-end secondary cleavage activity. The latter defect would additionally reduce whatever 5Ј-end cleavage activity can occur at the infrequent cleavage sites generated during synthesis. The corresponding effect of RT content reduction is that overall RNase H activity is also impaired. Details of the mechanism, however, are different from the effects of mutations that impair RNase H in each RT. There are normally 50 to 70 RT molecules per virion (for a review, see reference 9). Since only one RT is needed for primer extension, the likely reason for the excess is that the additional RTs are employed to carry out 5Ј-end-directed RNase H activity. Cuts made during synthesis should produce hundreds of RNA oligomers that likely require many RTs for efficient degradation. Depletion of RT is unlikely to affect polymerization or polymerization-dependent RNase H. However, it should reduce the rate at which the resultant RNA oligomers are degraded. While this is clearly different mechanistically from the effects of the RNase H defect in P236L RT, the impact on reverse transcription should be similar. That is, the long-lived RNA oligomers would hinder strand transfers and second-strand RNA synthesis, slowing viral replication. The effect of the reduction of DNA polymerase active sites caused by RT depletion is difficult to predict and cannot be approached experimentally by the techniques used here, since polymerization and RNase H are reduced concomitantly. One view is that since only one RT is needed for polymerization, the effects should be minimal. However, reduction of polymerization activity in virions has previously been reported to decrease substantially the rate of viral replication (27) .
Another possibility is that maintaining the natural activity ratio between the polymerization and RNase H, as occurs Secondary cleavage products were quantified by phosphorimaging and plotted on the y axis versus time on the x axis. Duplicate RNase H reactions were performed in duplicate using a single virus stock for each mutant. Results represent the means and standard deviations of 4 values. Mutants that had a mean rate of product formation at 16 min that was statistically different from that of the K103N mutant are indicated with asterisks ( ** , P Ͻ 0.005; *** , P Ͻ 0.0001, t test).
RNase H AND RT CONTENT OF NNRTI-RESISTANT MUTANTS 9387 when RT content is reduced, is less disruptive of reverse transcription than is the great imbalance caused by the P236L mutation. This again would be hard to verify experimentally. Finally, the differences in characteristics of the 3Ј-end-directed RNase H and the 5Ј-end-directed RNase H activities of the P236L mutant RT are noteworthy. While the positioning of the RT for these two RNase H functions is determined by two different structures, the orientations of the RT with respect to the RNA and DNA strands are much the same (10) . Nevertheless, the 3Ј-end-directed primary cleavages are strongly suppressed by the mutation while the 5Ј-end-directed cleavages are not. This suggests that a difference in protein-nucleic acid contacts between one binding mode and the other is capable of activating the RNase H. Understanding the structural basis of this RNase H regulation could have therapeutic potential.
In conclusion, our current results indicate that the reduction of fitness in viruses with NNRTI resistance mutations is based on either of two possible mechanisms. We had previously reported that the mutant RTs shared the property that they are deficient in RNase H activity. We showed here that the P236L HIV-1 has a normal content of RT but that the RT is severely deficient in RNase H function. We propose that the observed fitness defect derives from the inability of the P236L RT to effectively degrade the viral RNA to allow strand transfer and second-strand DNA synthesis. While the defect in cleavage most severely affects polymerization-dependent RNase H activity, this activity creates the substrate for polymerizationindependent activity, so that overall RNase H activity is impaired. Viruses with the G190S, G190A, and V106A RTs have substantially reduced RT content. This situation also reduces the amount of RT available for 5Ј-end-directed RNase H activity and would also impair proper degradation of the viral RNA. The problem is further exacerbated by moderate intrinsic defects in the RNase H of the mutant RTs. While the correlation between poor fitness and RNase H deficiency is unmistakable, the effect of lowered polymerization activity in those mutants with low RT content still needs to be evaluated.
